Introduction
Dressing seeds with pesticides is a widespread and effective way to control pests using smaller doses with potentially less harmful side effects (Koch et al., 2005) . The technology also makes it possible to combine different applications into only one sowing procedure, helping to reduce the use of fuel, the risks of soil erosion and compression, and thus assisting lowintensity farming practices and an integrated pest management policy. The main disadvantages of this technique are that residues of systemic pesticides can be present in the guttated water, plant pollen and nectar of seed-dressed plants (Reetz et al., 2011) and that abraded seed particles can be emitted to the environment during sowing (Greatti et al., 2006; Nuyttens et al., 2013) . In the last few years, this emission has resulted in bee losses in several countries and contamination of surface water, among others. The main factors affecting the risk from dust drift are the seed treatment quality, the seed drill technology and the environmental conditions (Nikolakis et al., 2009) .
This review article presents a summary of the latest information on the phenomenon of emission of dust from pesticide seed dressing during sowing and the consequences thereof.
Pesticide seed treatment
Seed treatment is the process of applying fungicidal and/or insecticidal seed-dressing products onto various types of seeds as a protective coating to create a 'protective zone' of active © 2015 Research Information Ltd. All rights reserved. www.pestoutlook.com
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of dust in 82 different maize seed batches. Different varieties of maize and different insecticides were tested by sieving the seeds over a 6 mm sieve. The size of dust particles was separated into a fraction of finer dust (< 0.5 mm) and coarse dust (> 0.5 mm). Amounts of dust ranged from 2 up to 60 g of dust per 80 000 kernels (amount needed to seed 1 ha) with an average of 3.6 g fine dust and 4.9 g coarse dust. The coarse dust mainly contained larger plant particles (glumes) broken from the treated maize seeds. Fine dust mainly seemed to appear under conditions of sub-optimal coating processes. Larger concentrations of clothianidin were found in the fine dust fraction (from 18.5 up to 28.2%) compared with the coarse dust fraction (11.4 up to 14.7%). Marzaro et al. (2011) measured concentrations of clothianidin pesticide of approximately 20% in large fragments maize seed coating taken at the air outlet of the drilling machine which is much larger than the concentrations of the same products applied as a spray liquid solution. The first detailed characterization of dust from coated seed in terms of particle size distribution, texture and shape, density, surface and aerodynamical characteristics was performed by Devarrewaere et al. (2015) using Micro-CT scanning.
Dust emission and drift from pesticide treated seed
Several authors have investigated the emission and drift of pesticides during sowing of dressed seeds. Dust emission is the release of pesticide-dust from the seeder. Dust drift is then defined as the off-target movement of this pesticide dust during or shortly after the application mainly under the influence of air currents.
The most important factors affecting the risk of dust drift from treated seed can be divided into three groups: seed treatment quality, seed drilling technology and environmental conditions (Nikolakis et al., 2009) .
Seed treatment quality
The seed treatment quality or the abrasion resistance of treated seeds has been identified as one of the key drivers of contamination of the environment through abrasion of dust particles containing a.i. during sowing. The main factors influencing the quality of the seed coating in terms of dustiness and abrasion resistance are 1) the quality and cleanness of the seed, 2) the formulation, 3) the seed treatment method and 4) the application recipe (Taylor et al., 2001) .
Seeds should be properly cleaned before treatment to be free of any organic dust particles, as such particles greatly affect the amount of dust produced by the treated seeds at a later stage. An adequate aspiration system is important to remove all dust particles before the seed enters the seed treatment machine. The quality of the formulation of the seed treatment products is also important. The main parameters are the particle size of the solids (i.e., a. i., pigments etc.) and the content of appropriate polymers (so called "stickers") in the formulation. Dry powder formulations tend to sift off the seeds while liquid treatments are fixed better and are more difficult to remove from the seeds (EFSA, 2012) . Stickers further enhance the intrinsic adhesiveness. Finally, the recipe of the final seed treatment slurry is important because it influences the final quality of the seed coating. Supplementary and appropriate adhesives (film coatings) are added to ensure adhesion.
Furthermore, the coating process must prevent the production of new dust during handling, transport and sowing. Greatti et al. (2006) also found that seeds of maize hybrids coated with the same product had different emissions of dust. Quantitative measurement of the abrasion resistance of treated seeds after coating is done using the Heubach test ( Figure 1 ). This method has been identified as the standard test and has been included in many studies.
Seed drilling technology
Three seeding methods can be distinguished by the horizontal pattern of seed placement. Broadcast seeding, mainly used for cover crops, refers to random scattering of seeds on the soil surface. Bulk drilling is the random placement of seeds of closely spaced crops (like cereals) in furrows that are then covered. This is mostly performed using a mechanical ( Figure  2a ) or a pneumatic machine using overpressure to divide the seeds between the different drill coulters (Figure 2b ). In precision seeding or precision drilling, the seeds are planted in rows and the spacing of seeds within the rows is uniform e.g., in maize, sunflower, cotton, bean and sugar beet. Precision seed planters can be divided into three main categories based on the seed singulation mechanism: vacuum singling, mechanical singling and overpressure singling. The majority of precision seed planters use a vacuum for seed singling (Figure 2c ).
These vacuum-based pneumatic seed drills provide a precise deposition of seeds by aspirating seeds from a deposit via suction pressure, generated by a central centrifugal fan, onto a perforated disk. The resulting exhaust air, which can contain varying quantities of abraded seed treatment particles, is emitted via the high-velocity outlet air stream of the machine through the fan opening. For standard equipment, the airstream outlet is generally placed directly on the fan and the outlet is directed upward approximately 1.5-2 m above the ground which results in a potentially large dispersion of abraded seed coating particles in the environment (Biocca et al., 2011) . Moreover, the rotating sowing disks can lead to additional dust abrasion. Because of their use in spring during the planting season of maize, their popularity of use and their working principle, incidents of dust drift have mainly been reported for these vacuum-based pneumatic seed drills.
Environmental conditions
Although not yet studied in detail, environmental conditions can also clearly affect the risk of dust drift. The risk of damage from dust drift increases in landscapes where many smallsized maize fields are located in a diverse agricultural landscape with canola fields, orchards, and other bee-attractive crops, among others (Nikolakis et al., 2009 ). This results in many field boundaries being exposed to drift, especially when the maize drilling and the flowering season of the neighboring plants take place at the same time. Weather conditions also play a role. Dry and windy weather conditions enhance both the formation and drift of dust.
Mitigation measures
The term 'mitigation' is used here in a broad sense synonymously to 'risk reduction', which comprises all measures that lead to a lower risk of dust drift. These mitigation measures include the use of an improved seed quality, modified machinery, regulations and stewardship activities. In contrast with spray drift, the use of hedges and border structures, as drift mitigation measures has not yet been studied for dust drift.
Improved seed quality
The right adhesive and the optimum application rate must be chosen in function of the seed type and seed treatment products. This increases the chance of generating treated seeds with the maximum possible resistance to abrasion (Nikolakis et al., 2009) . The surface properties and the geometry of different seed types (maize, canola, cereals, cotton, sunflower, vegetables, etc.) differ significantly, thus specific adhesives are designed and generally applied for each seed type. Such adhesives are generally natural or synthetic polymers like Arabic gum, carboxy methyl cellulose, gelatin, casein, polyvinyl acetate and many others. Companies for seed treatment should be instructed how to optimize the settings of the seed treatment machinery and be told which adhesives to use for maximum adhesion of the pesticide products. The method of seed treatment and the process of seed cleaning before and after coating also deserve attention. The standardized Heubach dust measurements (Figure 1 ) can be used to evaluate the seed treatment quality. Schnier et al. (2003) compared the abrasion potential of three Gaucho® FS 350 formulations and found that the use of specific adjuvants optimized seed loading and reduced abrasion by 50%. Heimbach (2011) found an average Heubach value of 1.4 g per 100 kg of wheat seeds when no adhesive was used compared with 0.3 g per 100 kg using an adhesive.
Modified seed drilling technology
Improving the quality of seed treatment is essential, but dust emission also needs to be reduced through technical solutions for sowing machines.
Various types of air deflectors or devices to reduce dust drift already exist. These generally have the aim of directing the air into the furrows created for seed distribution (Biocca et al., 2011) . Moreover, the speed of the exhaust air of the vacuum system is reduced by ejecting the air via several tubes instead of one single outlet. At ground level, the exhaust air can be released via diffusers, cushions or within fertilizer disks (Nikolakis et al., 2009 ). 
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These deflectors or modification kits can generally be removed easily to restore "conventional drill" conditions. Using air deflectors, Pochi et al. (2012) found a reduction of the concentrations of a.i. in the air ranging from 72% up to 95% compared with the reference. Herbst et al. (2010) found that off-target ground deposition can be reduced by more than 90% using such a modified machine while Biocca et al. (2011) found that the use of deflectors resulted in a reduction of the emission of a.i. of approximately 50%. They also mention that avoidance of an excessive vacuum level can contribute to reduce dust drift. Nikolakis et al. (2009) measured values of dust drift in field conditions of five modified vacuumpneumatic drilling machines, a standard unmodified vacuumpneumatic maize drilling machine, a drilling machine operating with compressed air and a mechanical sowing machine. They found that all modified vacuum-pneumatic maize drilling machines, together with the mechanical drilling machine and the drilling machine with compressed air, all performed similarly and all led to a significant reduction of dust drift compared with an unmodified vacuum-pneumatic maize drilling machine. On the other hand, different authors concluded that modified seed drilling machinery still emit significant amounts of micrometric dust particles (Tapparo et al., 2012; Pochi et al., 2012) . Additionally, many farmers still prefer to work without deflectors because of their high generation of soil dust mainly during dry drilling conditions resulting in a low visibility of the drilling process and contamination of the equipment.
Besides the use of air deflectors, Pessina & Facchinetti (2010) suggest using a water filter to filter the exhaust air, then using the loaded water as a pesticide in the soil.
Regulations and stewardship activities
In most countries, a legal framework is in place to protect honey bees and other pollinator insects from the negative effects of pesticides and other agrochemicals according to the European Council Directive 91/414.
The seed quality standards for maize seeds differ from country to country with Heubach values ranging from 0.75 up to 1.3 g per 100 000 seeds (Forster, 2009) . In Germany and Austria, the maximum permissible Heubach value for methiocarb on maize is established at 0.75 g per 100 000 seeds. Maize seeds dressed with methiocarb may only be sown with machines that reduce dust drift by at least 90% compared to conventional vacuum-pneumatic machines. For this purpose, a standard test procedure was set up in which modified drift reducing sowing machines were compared with standard machines. Currently, over 150 dust drift reducing sowing techniques are approved and listed in the JKI list 'drift reducing maize sowing machines'.
The French authorities have set up a 'dust schedule' for seed coating factories which limits the discharge of dust to 4 grams per 100 kg of coated seed (Giffard & Dupont, 2009 ). In the Netherlands, a maximum level of 0.75 g dust per 100 000 seeds is enforced for all insecticides used as maize seed treatment.
In 2008 (following the Italian bee poisoning cases), the Italian government enacted the precautionary measure of suspending use of all four a.i. registered for maize seed dressing (imidacloprid, thiamethoxam, clothianidin and fipronil) . No incidents of bee poisoning were recorded in the springs of 2009 and 2010 (Mutinelli et al., 2009) .
In some countries like The Netherlands, France, Belgium and Germany, the use of deflectors is mandatory on sowing machines for certain products, although they are not always used in practice. This explains the stark variation in the share of modified sowing technology from country to country. In general, the risk assessment process differs from country to country and drift mitigation strategies are not harmonized internationally.
In addition to regulations, the crop protection industry has initiated stewardship activities to increase the awareness of farmers, seed treatment companies, and manufacturers of sowing equipment. The goal of these initiatives is to raise awareness of dust drift among those involved with seed treatment and to encourage them to minimize seed abrasion and emissions of pesticide seed dressing.
Conclusions
The use of seeds dressed with pesticides to control pests is widespread and has many advantages, but residues of systemic insecticides can be present in the guttated water, plant pollen and nectar of seed-dressed plants and there is the possibility of emitting abraded seed particles into the environment during sowing. Bee losses due to dust drift of pesticides have mainly been associated with the use of neonicotinoid insecticides. The dust drift of pesticides may involve additional risks, however. The amount of abraded dressing particles and their characteristics mainly depend on the dressing process (quality and cleanness of the seed, the formulation, seed treatment method, etc.), storage conditions, and handling and transportation before and during drilling.
The dust drift risk is mainly affected by the seed treatment quality, the seed drill technology, and environmental conditions. Dust drift mitigation measures mainly include the use of improved seed quality and modified machinery using air deflectors on vacuum based pneumatic seed drills which direct the air into the furrows opened for the seed distribution or using a filter to filter the exhaust air.
Some EU countries have enacted laws to protect honey bees and other pollinator insects from the negative effects of dust drift of pesticides. At least all EU member states must have a similar level of quality for seed treatments and the mandatory use and classification of drift reducing sowing equipment.
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